Abstract: Ultra-large zirconia toughened alumina (ZTA, mass ratio of Al 2 O 3 and ZrO 2 is 78:22) ceramics with eccentric circle shape were successfully sintered by microwave sintering with a multi-mode cavity at 2.45 GHz. The dimension of ZTA ceramics (green body) is 165 mm (outer diameter) × 25 mm (thickness). The optimized sintering temperature of microwave sintering is about 1500 ℃ for 30 min, and the total sintering time is about 4 h which is much shorter than that of conventional sintering. An auxiliary-heating insulation device was designed based on the principle of local caloric compensation to guarantee the intact sintered samples. With the increasing of sintering temperature, more and more microwave energy is absorbed within the entire sample, volumetric densification performs, and phases shift from m-ZrO 2 phase to t-ZrO 2 phase and cause Al 2 O 3 grain growth.
Introduction
Zirconia toughened alumina (ZTA) ceramics are considered as promising structural materials for their high toughness, hardness, wear resistance, high temperature anticorrosion, and chemical stability [1] . These unique properties of ZTA ceramics lead to many industrial applications including cutting tools, wear parts [2] , and seal valves. Figure 1 shows the industrial application of ZTA ceramics as seal valves. As one kind of sealing part, commercially available large size ZTA ceramics with eccentric circle shape are prepared by conventional sintering techniques, which show many disadvantages of long dwell time, high energy consumption, serious pollution, and high cost [3, 4] . Microwave sintering as a new heating method is receiving more and more attention in the field of fabricating high-temperature materials [3, [5] [6] [7] [8] [9] . Some of the most significant advantages of microwave sintering are volumetric energy absorption with high heating rate, short duration, and less power consumption, which overcome the disadvantages of conventional sintering mentioned above. Many researchers have reported microwave sintering of ZTA ceramics and relevant microwave sintering mechanism [4] . Nevertheless, samples sintered in these works present small dimensions and simple shapes which limit this sintering technique to laboratory application  [10] . Moreover, due to the volumetric heating characteristic of microwave sintering, the uneven distribution of quality generates uneven distribution of heat. The different sintering temperature at related areas causes uneven shrinkage leading to cracking. The thermal stress produced in the process of heat conduction could cause cracking of samples. In the latest study, only one large size sheet of kaolin with complex shape was successfully sintered in a microwave multi-mode cavity [10] . The explorations of microwave sintering process on special-shaped and large size ZTA ceramics are still nonexistent.
In the present work, ultra-large industrial ZTA ceramics with eccentric circle shape are sintered successfully by microwave sintering method and the relevant properties of samples are discussed. A reasonable auxiliary-heating insulation device is also designed to ensure the samples' quality. 
2 Microwave sintering process of ZTA ceramics
The green ZTA ceramics, with the dimension of 165 mm (outer diameter) × 25 mm (thickness) as shown in Fig. 2 (a), were sintered in a microwave chamber with the resonant mode of TE666 (WXD20S-07, China Nanjing San Le Microwave Equipment). The microwave frequency was 2.45 GHz with maximum input power of 10 kW. The selected sintering temperature was 1350 ℃, 1400 ℃, 1450 ℃, 1500 ℃, and 1550 ℃ for 30 min with a self-made auxiliary-heating insulation device, while the volumetric heating was only in the case of the direct microwave sintering. Microwave heating rate was controlled by adjusting the input power; the temperature was monitored by using a monochromatic optical fiber infrared thermometer (OI-T6I2-B-1-type, GOIDSUN, USA) with initial display temperature of 600 ℃. The temperature was calibrated by Ferro process temperature control rings (PTCR). So the input power was adjusted at 50 W/min before 600 ℃. Then, with thermo detector displaying the values, the input power was adjusted to increase about 500 W when the heating rate was under 7 ℃/min. The basic framework of the device was a square box composed of two layers of mullite light bricks, and four silicon carbide rods which were packed by mullite insulation cotton and uniformly distributed in interlayer of each side. Figures 3(a) and 3(b) show the sketch of the original and optimized auxiliary-heating insulation device, respectively. The numbers of 1, 2, and 3 in these figures indicate mullite light bricks, silicon carbide rods, and samples, respectively. The samples were covered by mullite insulation cotton with a thermometer hole.
3 Characterization
The morphological features of the fracture surface of ZTA ceramics were examined by scanning electron microscopy (SEM, JEOL, JSM-7001F). The strength of ZTA ceramics was measured by the three-point bending method using an electronic universal testing machine (WD-P4504). The Vickers hardness (H V ) was carried out using a diamond indenter (TH-700) at a load of 20 kgf with an indentation period of 20 s. Ten H V measurements were used to obtain an average value. The phase compositions of sintered samples were measured by X-ray diffraction (XRD, XD-30). The density of the green compacts was determined by Archimedes method using mercury displacement. The bulk density of sintered samples was determined by water immersion (Standard Method ASTM C20).
Results and discussion

1 Microwave sintering process of ZTA ceramics
Figure 4(a) shows input power, reflected power, and sintering temperature versus sintering time for cracked sample. Figure 4 (b) is the photograph of cracked irregular ZTA ceramics, which was sintered using original auxiliary-heating insulation device as shown in Fig. 3(a) . The total sintering time of ZTA ceramics was 250 min including dwell time of 30 min, whereas it cost about 170 h to prepare such ZTA products by traditional sintering (based on practical data from industrial processing at Zhengzhou Dingsheng Engineering Technology Company). It also can be found that the reflected power increases with increasing of input power before 100 min. In the next 50 min, sintering temperature continuously rises, while the reflected power is declined slightly; then, the input power and reflected power tend to be stable, which indicates the microwave coupling ability of the sample become stronger and stronger with the increasing of heating temperature [11] [12] [13] . However, the heating rate slows down gradually because the sample radiates more heat at high temperature. Meanwhile, at high temperature the SiC susceptor tends to screen the electric field leading to surface heating mechanism [14] . The mass distribution of ZTA ceramics is asymmetrical for its eccentric ring structure; in the case of uniform distribution of silicon carbide rods, the large mass part absorbed microwave intensely causing local heat gather, which may produce great thermal stress in the process of heat conduction, then cause structure crack of ZTA ceramics. The fracture occurs at the junction between large mass area and small mass area due to its drastic heat conduction, as shown in Fig.  4(b) . It also can be seen that this sample has only one completely cracked part. It may be explained as that, when the sample completely cracks, two new surfaces are produced, the trapping heat transfers to the new surfaces which reduces the heat conduction from the large mass part to the small mass part. Figure 5 (a) gives the input power, reflected power, and sintering temperature versus sintering time for irregular ZTA ceramics. The photograph of intact sample sintered by optimized auxiliary-heating insulation device (Fig. 3(b) ) is shown in Fig. 5(b) . It can be seen that the sintered ZTA ceramics is intact, and the total sintering time is 250 min the same as which shows in Fig. 4(a) . But in Fig. 5(a) , the heating temperature is already 700 ℃ when the sintering time is 80 min, which indicates that the heating rate of ZTA ceramics with optimized auxiliary-heating insulation device is faster than the original device at this prior period. Due to the special distribution of auxiliary heating rods, the sample has a fast heating rate before 700 ℃. Compared with Fig. 4(a) , we can see that the reflected power and input power values are similar after stabilization. However, the heating rate of the sample is slower than the cracked sample in the last period; the uneven distribution of silicon carbide rods has affected the heating rate under the same electromagnetic field [14] . Figure 6 shows the bending strength and porosity of ZTA ceramics at different sintering temperatures. The bending strength of ZTA ceramics increases as the sintering temperature increases. The maximum value is 435 MPa at 1500 ℃. The porosity decreases rapidly from 1400 to 1450 ℃. The lowest porosity is about 0.1% at 1500 ℃. Figure 7 shows the Vickers hardness and bulk density versus sintering temperature of ZTA ceramics. Green ware bulk density of ZTA ceramics is 2.54 kg/m 3 . It can be seen that the bulk density increases uniformly with the increase of sintering temperature from 1350 to 1500 ℃; the maximum density is 4.01 kg/m 3 at 1500 ℃. However, the highest hardness value of ZTA sample sintered at 1450 ℃ is 14.2 GPa. According to industrial application standard, as a valve sealing part, the bending strength of the ZTA ceramics is 426 MPa. The bulk density and micro-hardness are 4.03 kg/m 3 and 13.8 GPa, respectively. The ZTA ceramics sintered by microwave in this work can satisfy the above requirement (based on practical data from industrial processing at Zhengzhou Dingsheng Engineering Technology Company). Figure 8 shows the microstructure of ZTA ceramics prepared by microwave sintering at different temperatures. It can be seen that sample sintered at 1350 ℃ shows a less dense microstructure with loose particles, as shown in Fig. 8(a) . A dense and homogeneous microstructure is observed for samples sintered at temperatures higher than 1400 ℃, as shown in Figs. 8(b)-8(e) . The grains have been bonded together obviously, as the arrow shown in Fig. 8(b) ; the areas are dense especially near the Al 2 O 3 grains (Fig. 8(f) ) [15] . Al 2 O 3 grains constantly couple with microwave forming heating sources leading to local high temperature, which promotes the grain growth of Al 2 O 3 . With continually increasing sintering temperature, more and more microwave energy is absorbed within the entire sample and volumetric densification performs, creating the dense structure at 1500 ℃ as illustrated in Fig. 8(d) Fig. 8(e) . All mechanical performances are no better and even worse up to 1550 ℃. This behavior may be related to over-sintering occurring with much more larger Al 2 O 3 grains. Figure 9 is the XRD patterns of green body and ZTA ceramics at different microwave sintering temperatures.
2 Characteristic of ZTA ceramics fabricated by microwave sintering
The pattern of green body shows that the original ZTA ceramics contain monoclinic zirconia (m-ZrO 2 ) and alumina (Al 2 O 3 ). The peak of m-ZrO 2 is disappeared and the obvious peak of tetragonal zirconia (t-ZrO 2 ) could be observed at 1350 ℃. With the increasing of sintering temperature, due to the microwave energy, phases shift from m-ZrO 2 phase to t-ZrO 2 phase, and the peak intensity of t-ZrO 2 constantly intensifies up to 1550 ℃, which is opposite to Ref. [16] . This phase transformation has great influence on the bending strength. It also can be seen that the peaks of alumina also constantly are enhanced with the increasing of sintering temperature, which indicates the crystallinity of ZTA ceramics increases gradually, consistent with the SEM results from Fig. 8 , and also proves that microwave sintering can promote the grain growth of alumina.
Conclusions
In this paper, the microwave sintering process of large size ZTA ceramics with eccentric circle shape was studied. The green samples were sintered with a heating rate of 7 ℃/min for 30 min by a multi-mode microwave sintering furnace with auxiliary-heating insulation device, which was designed based on the principle of local caloric compensation. The highest hardness value of ZTA samples sintered at 1450 ℃ was 14.2 GPa. The highest bulk density of ZTA samples was 4.01 kg/m 3 , which was sintered at 1500 ℃. The bending strength increased with increasing sintering temperature from 1350 to 1500 ℃ with the highest value of 435 MPa. With the increasing of sintering temperature, more and more microwave energy was absorbed within the entire sample and volumetric densification performed, phases shifted from m-ZrO 2 phase to t-ZrO 2 phase.
